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Abstract 
In this work we investigate the light induced degradation (LID) of industrial high efficiency PERC cells which are 
fabricated from p-type Cz silicon with a base resistivity ranging from 0.8  cm to 3.4  cm. The change of all 
electrical cell parameters after illumination is investigated. The total efficiency decrease after illumination is mainly 
driven by the FF decrease. This is due to an increased bulk recombination contribution after degradation compared to 
the front and rear surface recombination and also to the injection dependent excess carrier lifetime. Additionally, the 
so called regeneration procedure which transforms the boron-oxygen defects responsible for LID into a less active 
state is employed in order to reduce the degradation. The possibility of regeneration can be a very important factor 
when choosing the base resistivity with the highest efficiency potential for PERC cells. 
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1. Introduction 
The passivated emitter and rear cell (PERC, [1]) is one of the most promising new solar cell concepts 
which is currently transferred from lab scale into production. In such cell concepts where the efficiency is 
less limited by surface recombination but rather by the bulk excess carrier lifetime, a light induced 
degradation (LID) of the lifetime is expected to have a larger detrimental effect on the cell efficiency than 
in aluminum back surface field (Al-BSF) cells. This lifetime degradation is due to the formation of boron-
oxygen-related recombination centers in the silicon bulk during prolonged illumination [2-4]. A higher 
boron concentration and thus a lower base resistivity is known to increase the boron-oxygen defect related 
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LID [3]. This is one of the main reasons that often low doped silicon material is preferred for the 
production of high efficiency solar cells. 
The recombination active defect center formed during LID can be annihilated by annealing the sample 
in the dark [3, 4]. However, the resulting recovery of the excess carrier lifetime is not stable, it can be 
degraded again by illumination. Yet it has been shown that illumination at elevated temperatures can 
permanently deactivate boron-oxygen related recombination centers and reduce or eliminate the 
detrimental effects of LID [5, 6]. Applying this regeneration technique in an industrial scale could expand 
the range of possible boron doping levels for solar cell production and open up possibilities for further 
PERC cell efficiency optimizations. 
In this work, we investigate the impact of LID on the electrical performance of three groups of PERC 
cells fabricated from p-type Czochralski (Cz) grown silicon wafers with a base resistivity ranging from 
0.8  cm to 3.4  cm. Additionally, we test how much the light induced efficiency degradation can be 
reduced for each of these groups by performing a regeneration procedure prior to the degrading light 
exposure. 
2. Experimental setup 
PERC cells based on boron doped Cz silicon material with an interstitial oxygen content of 
(8 ± 3)·1017 cm-3 and three different base resistivity ranges are investigated (listed in Table 1). The cells 
are not annealed before degradation in order to measure the effect that would be observed under regular 
non-laboratory cell LID conditions.  
After testing different regeneration conditions (see section below), half of the cells of each group are 
regenerated for 20 min at 185°C and at a light intensity of approximately 0.4 suns. All cells are 
subsequently degraded at a temperature of 45°C and approximately 0.6 suns light intensity for 142 h. The 
temporal development of the degradation of the electrical cell parameters is monitored. 
3. Results and discussion 
3.1. Regeneration conditions 
The time constant of the regeneration depends among other parameters on the temperature during 
regeneration and the net doping level of the base material [5, 7]. Thus, in order to find appropriate 
parameters for regeneration, preliminary tests with cells of each group are carried out. Fig. 1 shows the 
change over time of the open-circuit voltage VOC (which correlates well with the bulk excess carrier 
lifetime) during the regeneration of one cell from each of the different groups. The left and right images 
show regeneration at 165°C and 185°C respectively. The light intensity is approximately 0.4 suns in both 
cases.  
 
Table 1. Cz silicon material used for the LID investigations in this work. 
 
 Group 1 Group 2 Group 3 
Base resistivity (  cm) 
Number of cells  
0.8 - 0.9 
20 
2.0 - 2.4 
40 
3.2 - 3.4 
10 
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Fig. 1. Change over time of the open-circuit voltage VOC during the regeneration of Cz PERC cells with different base resistivity at 
165°C (left) and 185°C (right). Values are shown relative to the initial as printed measurement.  
 
As expected [7], VOC saturates earlier for the samples with a lower net doping. Hence the duration of 
the regeneration must be adjusted according to the base resistivity in order to create a condition where as 
many defect centers as possible are in the regenerated state. The time constants also vary depending on 
the temperature. The saturation sets in much faster at 185°C as compared to 165°C. For all tested 
resistivity ranges, the saturation of VOC is reached in no later than 20 min of regeneration at 185°C. 
Consequently, all groups are equally regenerated for 20 min at 185°C in order to come closer to a fast 
procedure more suitable for production.   
3.2. Light induced degradation of PERC cells 
Fig. 2 shows the relative decrease in cell efficiency of as printed (left) and regenerated (right) PERC 
cells with increasing light exposure duration. The left graph clearly shows the dependence of the relative 
efficiency decrease on the base doping. After 142 h illumination, the efficiency of cells made from higher 
ohmic material degrades approximately 1.5% (relative) compared to the large degradation of 5.5% in the 
case of the lower ohmic cells. This result confirms the dependence known from Al-BSF cells [3].  
In the case that the cells are regenerated before illumination (right graph in Fig. 2), the degradation 
proceeds much slower and is reduced compared to the non-regenerated case. The lower ohmic cells only 
show an efficiency drop of 3% instead of 5.5%. However, the 3  cm group does not seem to benefit 
from the regeneration. The remaining degradation of the regenerated cells can have several reasons. There 
might be a second degradation mechanism present next to the boron-oxygen driven degradation which 
cannot be suppressed by the regeneration procedure. Also, an incomplete regeneration eliminates only 
part of the harmful defects and thus leads to a reduced but still observable degradation.  
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Fig. 2. Relative efficiency change over time of as printed (left) and regenerated (right) Cz PERC cells. Values are shown relative to 
the initial as printed measurement. The error bars represent the standard deviation of all cells within one group. 
Since the regeneration procedure is carried out at the higher temperature, it could be possible that part 
of the defect centers change to the instable annealed state instead of the stable regenerated state [5]. In the 
case of the 0.8  cm material, the duration of the regeneration might also not yet have been long enough. 
A further decrease in LID should then be possible with an adjusted regeneration process, for example for 
a longer time at lower temperatures. 
In order to test this possibility, three cells each of group 1 and group 3 are regenerated at 165°C for 90 
minutes (group 1) and 40 minutes (group 3) respectively according to the results for the lower 
temperature in Fig. 1. 
 
 
Fig. 3. Relative efficiency change over time of Cz PERC cells of different base resistivity that were regenerated at different 
temperatures. The mean value of each group is plotted.  
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Fig. 4. Box plot of the relative degradation of the electrical cell parameters after 142 h of illumination. The values are displayed 
relative to their as printed undegraded value. a) efficiency , b) open-circuit voltage VOC, c) fill factor FF, d) short circuit current ISC.  
 
Fig. 3 compares the degradation of the cell efficiency of the cells that are regenerated at 165°C and 
185°C. It can be seen that the degradation progresses much slower and reaches a lower final degradation 
for the cells that are regenerated at a lower temperature. It is thus probable that regeneration at higher 
temperatures does not transform all boron-oxygen defect centers into the stable regenerated state. 
Regeneration at lower temperature leads to less LID but is a more time consuming procedure. The 
potential benefit needs to be evaluated in more detail for an application to production. 
The contribution of the different electrical parameters to the total efficiency loss is evaluated in Fig. 4. 
The relative degradation of the electrical cell parameters a) efficiency , b) open-circuit voltage VOC, c) 
fill factor FF, and d) short circuit current ISC after 142h of illumination for the regenerated (red) and non-
528   Franziska Wolny et al. /  Energy Procedia  38 ( 2013 )  523 – 530 
regenerated cells (blue) is shown. It can be seen that the fill factor decrease of about 1.2% to 2.2% 
contributes most to the efficiency drop, whereas ISC and VOC contribute less to the LID. Only in the lower 
ohmic group ISC and VOC decrease by an equally large amount as FF. The decrease in FF is not related to 
the series resistance but is rather due to the injection dependence of the excess carrier lifetime and will be 
discussed in the following section.  
3.3. Simulation of PERC LID 
In order to understand the impact of LID on the electrical parameters as shown in Fig. 4, two-
dimensional numerical device simulations of the PERC structure are performed. The simulations are 
carried out with Sentaurus Device from Synopsis [8] to solve the complete set of semiconductor equations 
applying state-of-the-art physical models [9]. The bulk lifetime of the completely degraded and the 
regenerated state are obtained according to Schmidt et al. [10], assuming that the dominant recombination 
mechanism in the investigated material is boron-oxygen related. Details on the simulation can be found in 
the work of Weber et al. in these proceedings [11]. 
Table 2 summarizes the simulation results for the light induced degradation of the electrical parameters 
relative to their undegraded value in a PERC solar cell with 2  cm base resistivity. The calculated 
efficiency loss of 3.1% matches the observed experimental values in the corresponding group 2. The 
simulated contributions of ISC, VOC and FF are in the experimentally observed range, although the 
measured FF loss is larger and the VOC degradation smaller than expected from the simulation results. 
Nevertheless the simulation also reflects the surprisingly large fill factor degradation. In order to 
understand the LID of the fill factor FF, we separate the series resistance influence from the injection 
dependent lifetime influence on FF by determining the pseudo FF. We simulate I-V characteristics at 0.9 
and 1.1 suns to determine the series resistance of the simulated domain, following the double-light-level 
method [12]. We then calculate a series resistance free I-V characteristic to determine the pseudo FF. The 
simulation result is a loss of 1% in the pseudo FF demonstrating that the source of the fill factor 
degradation is not the series resistance.  
In order to understand this effect, it is useful to have a closer look at the recombination losses before 
and after LID. Fig. 5 displays the simulated recombination loss histogram evaluating the impact of rear 
and front side as well as base recombination of a PERC solar cell with 2  cm base resistivity in the 
regenerated (left) and the degraded (right) case. Additionally, the impact of the three contributions at 
three positions of the I-V-curve (JSC, the maximum power point MPP and VOC) is evaluated. The different 
positions along the I-V-curve correspond to different excess carrier injection levels. Therefore, the strong 
injection dependence of the excess carrier lifetime dominated by the boron-oxygen defect leads to a 
distortion of the I-V-curve. 
 
Table 2. Simulation of the relative light induced degradation of the electrical parameters of the PERC solar cell structure 
investigated in this work. As a comparison, the median values from the corresponding experimental group are displayed, see also 
Fig. 4. 
 ISC VOC FF pseudoFF Efficiency 
Relative loss after LID, simulation 
Experimental result (median value) 
0.6% 
0.5% 
1.3% 
0.6% 
1.2% 
1.7% 
1.0% 
1.6% 
3.1% 
2.8% 
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It can be seen that in the undegraded case the rear and front side recombination dominate over the 
recombination in the base material, whereas in the degraded state the base recombination becomes 
predominant. The higher difference of base recombination contribution between MPP and VOC is 
responsible for the drop in the pseudo FF, and so the FF, from undegraded to degraded PERC cells. The 
lower base recombination contribution at VOC is due to an increased excess carrier lifetime at higher 
carrier injection levels which is known for the boron-oxygen defect. 
The fill factor degradation is usually not as pronounced in Al-BSF cells since the recombination in the 
silicon base does not dominate over the surface recombination even in the degraded case. 
4. Conclusion 
In this work, we investigated the light induced degradation of high efficiency PERC solar cells with 
different base resistivities. As known from investigations on lifetime samples [5, 7], it is confirmed in the 
case of PERC cells that the duration of a regeneration procedure must be adjusted according to the base 
resistivity of the cell. Our experiments also indicate that regeneration at lower temperatures might be 
favorable for a long term stability of the regenerated state. 
The evaluation of the degradation of non-regenerated PERC cells shows that VOC, JSC as well as FF 
contribute to the efficiency loss. The experimental findings could be well explained by numerical device 
simulations of PERC cells. The simulations suggest that the large fill factor degradation is due to the 
injection dependence of the bulk lifetime which is dominated by boron-oxygen related recombination. 
The results show that a well adjusted regeneration of PERC cells could open up the possibility to use 
silicon with a lower base resistivity for efficiency optimizations. If no regeneration is performed, a base 
resistivity range which shows no or only very weak degradation can be chosen.  
 
 
 
  
Fig. 5. Recombination loss histogram evaluating the impact of front side, base and rear side recombination in a PERC solar cell with 
2  cm base resistivity. The left graph displays the undegraded (regenerated) case, the right graph shows the impact distribution 
when the solar cell is completely degraded. 
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